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Nutrient availability is a key determinant of animal growth. The conserved insulin/PI3 kinase and TOR
kinase signaling pathways are two of the best characterized regulators of cell and tissue growth in
response to nutritional conditions. Studies in Drosophila larvae show that one mechanism by which
these pathways drive growth is by regulating the expression of metabolic genes, especially those genes
required for protein synthesis. Here we examine a role for the transcription factor DREF in mediating
some of these transcriptional and growth responses. We ﬁnd that loss of DREF leads to a decrease in
organismal growth. These effects are in part due to a requirement for DREF function in cell-autonomous
growth. We also uncover a non-autonomous role for DREF activity in the larval fat body. Previous
studies show that activation of TOR in the fat body couples nutrition to insulin release from the brain;
we ﬁnd that inhibition of DREF in the fat body can phenocopy effects of nutrient deprivation and fat-
speciﬁc TOR inhibition, leading to a reduction in systemic insulin signaling, delayed larval growth and
smaller ﬁnal size. Using genetic epistasis, we ﬁnd that DREF is required for growth downstream of TOR,
but not insulin/PI3K signaling. Moreover, we show that TOR can control DREF mRNA levels, in part via
the transcription factor dMyc. Finally we show that DREF is required for normal expression of many
ribosome biogenesis genes, suggesting that one mechanism by which DREF is required for growth is
through the control of protein synthetic capacity. Together these ﬁndings suggest DREF is an essential
transcription factor in the nutritional control of cell and tissue growth during Drosophila development.
Given that DREF is conserved, this role may also be important in the control of growth in other animals.
& 2012 Elsevier Inc. All rights reserved.Introduction
Multicellular organisms respond to a variety of developmental
and environmental cues to control their growth. One important
environmental cue is nutrition. Animals often live in conditions
where food abundance varies. Thus as they develop, animals must
coordinate their cellular metabolism with changes in nutrient
availability in order to support tissue and body growth. Defects in
this coordination can impair development and lead to growth
disorders and lethality.
Studies in Drosophila larvae have been pivotal in identifying
mechanisms that couple nutrition to tissue and body growth
during animal development. Upon larval hatching, the intake of
dietary amino acids is required to initiate and maintain cell growth
and cell cycling in almost all tissues (Britton and Edgar, 1998). In
nutrient rich conditions, larvae continue to develop and increase
in mass approximately 200-fold over four days (Robertson, 1966).ll rights reserved.
l).In contrast, starvation for dietary amino acids blocks larval cell
growth and cell cycling, particularly in the polyploid cells that make
up the bulk of the larval tissues, such as fat, muscle, gut, salivary
gland and epidermis (Britton and Edgar, 1998). An overwhelming
body of work points to two conserved signaling pathways that link
dietary amino acids to cell and tissue growth.i. The ﬁrst is the insulin/insulin-like growth factor signaling
pathway. Drosophila contains seven insulin-like peptides
(dILPs) (Brogiolo et al., 2001). In response to dietary amino
acids, three of these dILPs (dILPs 2, 3 and 5) are expressed and
released from neurosecretory cells in the brain (Geminard
et al., 2009; Ikeya et al., 2002). These dILPs then circulate in the
larval haemolymoph and trigger growth in target cells by
binding to the insulin receptor and activating a conserved
PI3 kinase/Akt kinase signaling pathway (Grewal, 2009;
Teleman, 2010). In this way, the insulin pathway represents
a primary endocrine response regulated by dietary nutrients.ii. The second is the Target-of-Rapamycin (TOR) kinase pathway
(Foster and Fingar, 2010; Inoki and Guan, 2006; Wullschleger
et al., 2006). TOR exists in two different protein complexes
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growth regulator. In all eukaryotes, extracellular nutrients
and amino acids can cell autonomously activate intracellular
signaling cascades that lead to increased TORC1 activity (Dann
and Thomas, 2006; Sengupta et al., 2010; Wang and Proud,
2009). A large body of work, predominantly in mammalian cell
culture, has also suggested that the insulin/PI3K pathway can
be coupled to activation of TOR (Dann and Thomas, 2006;
Foster and Fingar, 2010; Inoki and Guan, 2006; Sengupta et al.,
2010; Wang and Proud, 2009). However, genetic studies
suggest that the proposed signaling mechanisms underlying
this coupling may be dispensable for tissue growth in vivo
(Dong and Pan, 2004; Pallares-Cartes et al., 2012; Schleich and
Teleman, 2009). In Drosophila, as in all eukaryotic cells studied,
activation of TOR can promote cell-autonomous increases in
growth (Oldham, 2000; Zhang et al., 2000). In addition, recent
studies have identiﬁed non-autonomous roles for TOR signal-
ing in the control of overall body growth. A pertinent example
for our work here is the role of TOR activation in the larval
fat body, which, in response to dietary nutrients, leads to the
relay of a fat-to-brain signal that promotes dILP release and
systemic insulin signaling (Colombani et al., 2003; Geminard
et al., 2009).
The roles of insulin/PI3K and TOR signaling as regulators of
growth are highly conserved in metazoans. In particular, the
networks of intracellular signaling molecules that both propagate
insulin receptor signaling and that link extracellular nutrients to
TOR activation are very similar among all animals. What is less
clear is the identity of the key effectors that couple these path-
ways to changes in cellular metabolism essential for growth.
One mechanism by which insulin and TOR signaling pathways
may inﬂuence cellular metabolism is through changes in gene
expression. Several microarray studies in Drosophila larvae have
shown that dietary nutrients can alter transcript levels of a large
number of genes, particularly those involved in cellular metabo-
lism (Li et al., 2010; Teleman et al., 2008; Zinke et al., 2002). The
role of two conserved transcription factors, FOXO and dMyc, have
been best studied in this regard. The insulin/PI3K pathway
inhibits FOXO by phosphorylating it and relocating it to the
cytoplasm (Hay, 2011). Conversely, upon starvation (and hence
reduced insulin/PI3K activity), FOXO is dephosphorylated and can
enter the nucleus where it binds to gene promoters to regulate
transcription (Hay, 2011). Indeed, many of the changes in meta-
bolic gene expression induced by starvation are reversed in foxo
mutant larvae, suggesting a prominent role for FOXO in mediating
the effects of dietary restriction (Teleman et al., 2008). dMyc is
another important mediator of nutritional gene expression, parti-
cularly the transcription of genes involved in ribosome biogenesis
(Grewal et al., 2005; Li et al., 2010; Teleman et al., 2008). Both the
insulin/PI3K and TOR branches of the nutrient-sensing pathway
can regulate Myc, at the mRNA and protein levels respectively
(Parisi et al., 2011; Teleman et al., 2008). Further transcription
factors known to regulate gene expression downstream of TOR
include SREBP, involved in lipid and sterol biosynthesis, and
Sugarbabe, which mediates the effect of nutrient deprivation on
dILP release (Porstmann et al., 2008; Varghese et al., 2010).
In this paper, we explore the role of the transcription factor
DREF (DNA Replication Related Element Binding Factor) as an
additional mediator of nutrition-dependent growth and metabolic
gene expression in Drosophila. DREF is a 709 amino acid polypep-
tide that acts as a homodimer to bind to 50-TATCGATA-30 sites
(DRE motif) in gene promoters (Hirose et al., 1993). It has been
best studied for its role in cell cycle regulation and in the
transcriptional activation of a variety of genes involved in DNA
replication and cell proliferation (Matsukage et al., 2008).However, our investigation here was prompted by two ﬁndings:
ﬁrst, we found that the DRE motif is enriched in the promoters of
many ribosome biogenesis genes whose expression is regulated
by nutrition. Second, DREF can function as part of a multi-protein
transcriptional complex that includes the TBP-related factor TRF2
(Hochheimer et al., 2002); a previous paper showed by both ChIP
and transcript analysis that TRF2 was associated with, and
required for, expression of many ribosomal protein genes in
Drosophila (Isogai et al., 2007). These ﬁndings raised the possibi-
lity that, in addition to the control of cell cycle genes, DREF may
be required for cellular metabolism and hence cell growth. Our
ﬁndings here support this model: we show that DREF is required
for both cell-autonomous and non-autonomous cellular and
organismal growth, and interestingly, DREF appears to be required
downstream of the TOR pathway while acting independently from
the insulin/PI3K pathway.Materials and methods
Fly stocks
All stocks and crosses were raised at 25 1C and maintained on
standard Drosophila media (150 g agar, 1500 g cornmeal, 315 g
yeast, 675 g sucrose, 1875 g D-glucose, 240 ml propionic acid per
34.5 L water). The following ﬂy stocks were used: w1118; yw;
drefKG09294/CyO; drefNP4719/CyO; drefKG09294, ubi-GFP, FRT40A/CyO;
ubi-GFP, FRT40A/CyO; ptendjc89, ubi-GFP, FRT40A/CyO (Gao et al.,
2000); torDP, ubi-GFP, FRT40A/CyO; RpS13, ubi-GFP, FRT40A/Sm6-
tm6B; FRT82B/tm6B; FRT82B, rheb26.2/tm6B; act UAS-dref RNAi
(weaker RNAi on III) (Hyun et al., 2005); UAS-dref RNAi (stronger
RNAi on X) (Hyun et al., 2005); UAS-dMyc; torDP/CyO (Zhang et al.,
2000); act4cd24gal4, UAS GFP; da-gal4; mef-gal4; cg-gal4; r4-
gal4; ey-gal4.
Egg collection
Adult ﬂies were allowed to lay eggs on grape juice agar plates
supplemented with yeast paste for 4 h at 25 1C. 24 h after egg
laying (AEL) the plates were cleared of larvae. All larvae which
hatched in the next 4 h were placed in food vials in groups of 50
and allowed to develop.
Microscopy
All immunoﬂuorescence images were obtained on a Zeiss
Observer Z1 microscope using Axiovision software. Larval size,
pupal volume and adult eye and wing imaging were obtained
using a Zeiss Stereo Discovery V8 microscope using Axiovision
software. Microscopy and image capture was performed at room
temperature and captured images were processed using Photo-
shop CS5 (Adobe).
Mitotic recombination, clone and cell size analysis
Mosaic dref RNAi cell clones in the fat body were induced using
the heat-shock ﬂp-out method (Britton et al., 2002). Tissues were
dissected at 120 h AEL, ﬁxed in 8% paraformaldehyde, stained
with Hoeschst (Invitrogen) and TRITC-conjugated phalloidin
(Invitrogen) and mounted in Vectashield (Vector Laboratories
Inc.). Mitotic recombination was performed using the ﬂp/FRT
method (Xu and Rubin, 1993). For the fat body cell analysis, we
performed a 6 h egg collection followed by a 1 h heat-shock at
37 1C. Larvae were transferred to food vials 24 h after heat-shock.
Larvae were inverted and ﬁxed in 8% paraformaldehyde at 120 h
AEL and tissues were stained with Hoescht and TRITC-conjugated
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Vectashield. For analysis of twin spot clones in the wing imaginal
discs, 48 h AEL larvae were heat-shocked for 20 min at 37 1C. At
48 h and 72 h post clone induction, wing discs were ﬁxed in 4%
paraformaldehyde and mounted in Vectashield. Mutant clone
viability in the wing imaginal disc was assessed by calculating
the percentage of wild-type clones still paired with a dref twin
spot at each time point. All clone and cell sizes were calculated
using the area measurement tool in Axiovision.
Nile red staining
Nile red staining of lipid droplets was performed as previously
described (Gronke et al., 2005).
Immunostaining
dILP2 antibody staining of larval brains at 96 h AEL was done
as previously described (Geminard et al., 2009). The quantiﬁca-
tion of mean pixel intensity for insulin-producing cell (IPC)
clusters was performed using the histogram tool in ImageJ. Dref
antibody staining of mosaic dref larval wing disc mutant clones
was done using with a 1/400 concentration of the DREF mono-
clonal antibody (a kind gift from M. Yamaguchi).
Larval starvation/rapamycin conditions
For all starvation experiments, larvae were starved in 20%
sucrose/PBS at 72 h AEL for indicated times. For genetic interaction
experiments with UAS-Rheb and dref, larvae were starved from
hatching in 20% sucrose/PBS for 48 h before dissection and visua-
lization. For partial larval starvation (20% food), Standard Droso-
phila Media was diluted 5 with PBS/agarose. Rapamycin-fed
larvae were grown in Standard Drosophila Media that had been
supplemented with 1 mM rapamycin.
Rapamycin treatment of Drosophila S2 cells
Drosophila S2 cells (a kind gift from Edan Foley) were cultured
at 25 1C in Schneider’s medium (Gibco) supplemented with 10%
fetal bovine serum (Gibco), 100 U/ml penicillin and 100 U/ml
streptomycin (Gibco). At 90% conﬂuency, cells were treated with
either 20 nM rapamycin (Calbiochem) or DMSO (Sigma) for 16 h,
following which cells were washed twice with ice cold PBS. Cells
were then scraped into TRIzol (Invitrogen) to prepare RNA
extracts.
Tricome density
Adult wings were mounted in 80% glycerol/PBS. The number of
wing hairs in a deﬁned area in the posterior wing was measured
as a representation of cell number. Using total posterior area, this
number was used to estimate total posterior cell number. Cell size
was evaluated by dividing the posterior wing area by the total
number of posterior cells.
Pupation rates
Larvae were collected at 24 h AEL and placed in food vials in
groups of 50 per vial. The number of pupae was counted every
12 h and the percent pupae at each timepoint was calculated as
compared to the total number of pupae per vial. For each
genotype, several vials were used to calculate the mean percentage
of pupae per timepoint.Pupal volume
Pupal volume was calculated as previously described (Delanoue
et al., 2010).
Quantitative RT-PCR
Total RNA was extracted using TRIzol according to the man-
ufacturer’s instructions. RNA samples (1 mg per reaction) were
used to make cDNA with the QuantiTect Reverse Transcription kit
according to the manufacturer’s instructions (Qiagen). The cDNA
was used as a template to perform qRT-PCR reactions (BioRad
Laboratories, MyIQ PCR machine using SyBr Green PCR mix) using
speciﬁc primer pairs (sequences available upon request). Data
was normalized using the average fold change of tak1, bTub or
Act5C mRNA levels. For each experiment, a minimum of 3 groups
of 8–10 larvae was collected. Each experiment was independently
repeated a minimum of 3 times.
Preparation of protein extracts, immunoblotting and antibodies
Whole larvae and peripheral tissue (carcus minus the fat body)
extracts were prepared by lysing 96 h AEL larval samples in 2
protein sample buffer (Tris–HCl pH 6.8, SDS, b-mercaptoethanol,
glycerol, bromophenol blue) with a motorized pestle, boiling for
3 min at 95 1C and immediately loading samples onto an SDS-
PAGE gel. Immunoblotting was performed as previously described
(Marshall et al., 2008). Antibodies used were b-tubulin (E7,
Drosophila Studies Hybridoma Bank), phospho-Drosophila Akt
Ser505 (Cell Signaling Technology), Akt (Cell Signaling Technology),
Gal4 (Clonetech) and Actin (C11, Santa Cruz Biotechnology, Inc.).
Statistics
For all experiments, error bars represent SEM, and p values are
the results of a Student’s t-test or Kaplan Meier/Log Rank test.Results
DREF is required for cellular and organismal growth in Drosophila
larvae
We previously found that nutrient starvation in larvae led to
decreased expression of a large number of metabolic genes,
particularly those involved in ribosome biogenesis and protein
synthesis (Li et al., 2010). We used the MEME motif search tool to
identify DNA motifs that were enriched in the upstream regions
(300 bpþ50UTR) of these genes (Bailey et al., 2009). We examined
four clusters of genes: ribosomal protein genes, rRNA processing
genes, mitochondrial ribosomal protein genes and translation
initiation factor genes. One motif that emerged from this analysis
was the DRE motif, the consensus binding site for the transcrip-
tion factor DREF (Fig. 1A). Based on this ﬁnding we explored a role
for DREF in the nutrition-dependent growth during larval
development.
We began by performing a loss-of-function analysis of DREF.
We ﬁrst examined two independent lines that each contained a
P-element insertion within the 50 region of the dref locus (drefKG09294
and drefNP4719). A previous report showed that the drefKG09294 ﬂies
had markedly reduced dref mRNA levels (Kim et al., 2007). We also
observed that drefKG09294 cell clones in the mitotic larval wing disc
show little or no DREF protein (Fig. S1A), suggesting that this
P-element insertion disrupts DREF function. We found that homo-
zygous drefKG09294 animals were largely embryonic lethal. Larvae
that survived embryogenesis had delayed hatching rates and
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drefKG09294 larvae continued to eat (data not shown) and survived
for up to ﬁve days before dying. Importantly, identical lethality and
growth arrest phenotypes were also seen with the second indepen-
dent P-element line (drefNP4719) (data not shown) as well as in ﬂies
trans-heterozygous for both P-elements (drefKG09294/drefNP4719;
Fig. 1B), suggesting that the phenotypes we see are speciﬁc to
disruption of dref and not of any other genes on the same chromo-
some. Finally, we examined the effects of RNAi-mediated knock-
down of DREF. For these experiments, we used a dref RNAi construct
that was previously shown to be speciﬁc for dref knockdown (Hyun
et al., 2005). Ubiquitous expression of this dref RNAi construct, using
the daughterless (da)-GAL4 driver, phenocopied dref homozygousand trans-heterozygous mutants, and showed a growth arrest
phenotype (72 h AEL) (Fig. S1C). Together, these data indicated
that DREF is required for larval growth.
Most Drosophila larval tissues, such as the fat body, gut, muscle
and salivary gland are composed of endoreplicating cells. The
growth of these polyploid cells is driven by dietary nutrients and
together they make up the bulk of the larval mass. We therefore
examined whether the organismal growth arrest in dref loss-of-
function mutants were due to decreased cell-autonomous growth
in these polyploid cells. Using ﬂp/FRT recombination (Xu and
Rubin, 1993), we found that drefKG09294 mutant cells in the fat
body had a decreased cell area compared to surrounding wild
type and heterozygous cells (Fig. 1C and D). Likewise, we found
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wild-type cells (Fig. S1D). We also examined the requirement for
DREF in the growth and proliferation of the mitotic cells in the
larval imaginal discs. These tissues, which only make up a small
fraction of the body mass, grow during the larval stage and
eventually undergo metamorphosis to give rise to adult structures
such as the eye, wing and legs. We used ﬂp/FRT-mediated
recombination (Xu and Rubin, 1993) to generate drefKG09294
mutant clones in developing larval wing discs (Fig. 1E and F). At
48 h post-clone induction, we found that drefKG09294 wing disc
clones were approximately half the size of their wild-type twin-
spot (data not shown) while at 72 h post-clone induction this size
decreased to 5% of wild-type (Fig. 1F). We also found that
drefKG09294 mutant clone viability decreased over time. At 48 h
post-clone induction all wild-type twinspots had a corresponding
mutant clone, while this number decreased to less than 40% by
72 h post-induction (Fig. 1G). This data is consistent with a
scenario in which drefKG09294 mutant cells are out-competed by
their wild-type neighbors and is similar to phenotypes seen with
dmyc and ribosomal protein mutations (Johnston et al., 1999;
Morata and Ripoll, 1975). We also examined the effects of DREF
knockdown by RNAi. Here, we expressed the RNAi construct in
the posterior compartment of the wing throughout development
using the en-Gal4 driver and measured cell area, cell number and
tissue area in adult wings. Conﬁrming previous ﬁndings, we found
that the posterior compartments of en4dref RNAi discs contained
fewer, smaller cells suggesting that loss of DREF causes decreased
cell growth and decreased cell proliferation, leading to an overall
reduction in tissue size (Fig. S2). Collectively, this data suggests
that the organismal growth defects caused by loss of dref function
are due, at least in part, to decreased cell-autonomous growth in
both mitotic and endoreplicating tissues.
A reduction of DREF activity in fat cells leads to non-autonomous
growth defects that phenocopy starvation
Recent studies point to the larval fat body—the primary
nutrient sensing organ in Drosophila—as a regulator of systemic
growth. When dietary proteins are abundant, amino acid uptake
into fat body cells stimulates TOR kinase activity. This activation
leads to release of an (as yet unidentiﬁed) fat-to-brain signal that
promotes the release of dILPs 2, 3 and 5 from neurosecretory cells
(Geminard et al., 2009). In this way, the fat body couples nutrition
to systemic insulin signaling and growth. Given the similarities
between the organismal effects of DREF inhibition and both
nutrient deprivation and TOR mutants (Britton and Edgar, 1998;
Oldham, 2000; Zhang et al., 2000) we asked whether DREF
function in the fat body could also play a role in regulating non-
autonomous growth. To address this question, we expressed the
dref RNAi transgene speciﬁcally in the larval fat body using the cg-
GAL4 driver (cg4dref RNAi) and examined effects on larval
growth and developmental timing. We found that cg4dref RNAi
larvae showed delayed pupation by approximately 24 h compared
to control animals (cg4þ) (Fig. 2A). We also found that cg4dref
RNAi pupae were smaller than wild-type controls (Fig. 2B). We
next used an alternate fat-body driver (r4-GAL4) and we found
both delayed development (although less than with cg-GAL4)
and decreased pupal size in dref RNAi-expressing larvae (r44
dref RNAi) compared to control larvae (r44þ) (Fig. S3B and G).
The cg-GAL4 driver also expresses in larval hemocytes and the
lymph gland. We therefore tested the effect of DREF knockdown
with two independent hemocyte/lymph gland Gal4 drivers,
hemolectin-GAL4 (hml-GAL4) (Goto et al., 2003) and peroxidasin-
GAL4 (pxn-GAL4) (Stramer et al., 2005). But in contrast to the
results with cg-GAL4, expression of dref RNAiwith these two drivers
had no effect on larval development or pupal size (Fig. S3C, D, andG). In addition, no effects on larval development and pupal size
were seen when dref RNAi was expressed in a variety of other
tissues including muscle and eye (Fig. S3E–G). Together, these data
indicate that DREF is required in the fat body for proper organismal
growth and development.
We next explored whether these fat body effects of DREF
knockdown could be explained by a decrease in systemic insulin
signaling. Stimulation of insulin signaling in target cells leads to
phosphorylation of the downstream kinase Akt at serine-505.
Using Western blotting with an antibody that speciﬁcally recog-
nizes phospho Ser 505, we found that protein extracts from
both the peripheral tissues (larvae carcasses stripped of fat body)
and whole animals of cg4dref RNAi larvae showed decreased
phospho-AKT levels compared to the peripheral tissues of control
(cg4þ) animals (Figs. 2C and S4A). Likewise, decreased phospho-
AKT was also seen in peripheral tissues from r44dref RNAi larvae
(Fig. S4B) and in whole larvae with ubiquitous expression of dref
RNAi (da4dref RNAi) (Fig. S4C). These data are consistent with
reduced systemic insulin/PI3 kinase signaling following knock-
down of DREF in the fat body. We therefore examined whether
the decrease in systemic insulin signaling was a result of altered
dILP release. Previous studies have shown that nutrient depriva-
tion and TOR inhibition in the fat body leads to retention of dILPs
in neurosecretory cells (Geminard et al., 2009). Using immunos-
taining with an antibody to dILP2, we also observed that both
cg4dref RNAi and r44dref RNAi larvae showed an increased
accumulation of dilp2 in neurosecretory cells in the brain com-
pared with control animals (cg4þ and r44 þ) (Figs. 2D and
S4D). Collectively, these data suggest that the delayed develop-
ment and decreased size of cg4dref RNAi larvae results from a
decrease in peripheral insulin signaling. These ﬁndings suggest a
potential role for DREF as a mediator of nutrient/TOR signaling in
the fat body. One phenotype associated with starvation or
inhibition of TOR in the fat body is altered lipid metabolism and
storage. Using Nile red staining for lipids, we found that fat bodies
from fed cg4dref RNAi larvae contained large lipid droplets
(Fig. 2E), similar to those seen in both tor mutant (Zhang et al.,
2000) and starved larvae (Fig. 2E).DREF is required for growth downstream of the TOR pathway but not
the insulin/phosphoinositol 3-Kinase (PI3K) pathway
Given the similarities in phenotypes between DREF loss-of-
function and inhibition of nutrient/TOR signaling, we examined
whether DREF might function downstream of the TOR pathway.
We ﬁrst tested for functional interactions between DREF and TOR
signaling. Expression of a dref RNAi construct—weaker than the
one we used earlier (Hyun et al., 2005)—in the developing eye
imaginal disc (ey4dref RNAi) led to adult ﬂies with slightly
smaller eyes than control ﬂies (ey4þ) (Fig. 3A). However, when
we performed a similar experiment, this time raising ﬂies under
two different nutritional conditions that reduced TOR signaling
(20% food and 100% food containing 1 mM of the TOR-inhibitor
rapamycin), the effects of DREF inhibition were markedly exacer-
bated (Fig. 3A). This interaction between DREF and TOR was not
restricted to the eye: we found that partial inhibition of TOR (20%
food or 1 mM rapamycin) also enhanced the growth defects in the
wing caused by dref RNAi expression (Fig. S5). We explored
similar interactions at the cellular level in polyploid fat body
cells (Fig. 3B and D). As we previously demonstrated, dref RNAi
expressing cells in larvae grown in nutrient rich (100% food)
conditions were 60% the size of surrounding wild type cells
(Fig. 3B). However, similar dref RNAi expressing cells from larvae
grown in nutrient poor (20% food) conditions were only 20% the
size of surrounding wild-type cells (Fig. 3C).
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knockdown larvae (cg4dref RNAi) (n¼25, po0.001, Student’s t-test) Scale bar¼50 mm. (E) DIC and Nile Red images of fed and starved (24 h in 20% sucrose/PBS) control
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ally interact to regulate tissue and cellular growth. One potential
model is that DREF functions downstream of the TOR pathway,
although our data so far may also be explained by additive, but
independent effects of DREF and TOR. Therefore to provide a more
stringent test, we performed a genetic epistasis analysis between
dref and rheb, an upstream activator of TOR kinase. Increased
Rheb activity leads to cell-autonomous overgrowth (Saucedo
et al., 2003; Stocker et al., 2003). These effects are especiallyapparent in polyploid cells of the fat body from starved animals
(Saucedo et al., 2003; Stocker et al., 2003). We therefore examined
whether DREF was required for this overgrowth. We used the
ﬂp-out system to overexpress a UAS-Rheb transgene in mosaic
gut cell clones in either drefKG09294/þ or drefKG09294/drefKG09294
embryos. Upon hatching, the larvae were starved in 20% sucrose/
PBS—this arrested them at ﬁrst instar. In drefKG09294/þ larvae,
Rheb overexpressing cells showed marked overgrowth compared
to surrounding cells (Fig. 3E). The result is consistent with
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type cell (non-GFP) two cells to the right (n470 cells per genotype, po0.0001, Student’s t-test). Green GFP; red, phalloidin; blue, DAPI. Scale bar¼50 mm. Error bar
represents standard error of the mean (SEM). (E, F) Mosaic rheb ﬂp-out clones (arrows, GFP) in the larval gut of (E) drefKG09294/þ or (F) drefKG09294/drefKG09294 larvae. Larvae
were starved in 20% sucrose/PBS from hatching and visualized at 48 h AEL. Green, GFP; blue, DAPI. Scale bar¼20 mm. Genotypes: panels (B–D), hsﬂp122; þ; UAS dref RNAi/
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UAS GFP.
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expression (Saucedo et al., 2003; Stocker et al., 2003). In contrast,
when we repeated the experiment in drefKG09294/drefKG09294
mutant animals, the effects of Rheb overexpression were abol-
ished (Fig. 3F). These data suggest that DREF is required for TOR-
induced cell growth. We also examined if DREF overexpression
might be sufﬁcient to rescue the growth defects caused by loss of
Rheb. We used the MARCM system (Wu and Luo, 2006) to
generate rheb26.2 mutant cell clones in the wing imaginal disc
(Fig. S6A). We found that these rheb26.2 clones had a strong
growth defect, as was reported previously (Fig. S6Aii). However,
overexpression of a UAS-DREF transgene in rheb26.2 cells did not
alter this growth defect (Fig. S6Aiii). An interesting feature of rhebmutant wing disc cells is that when they are given a proliferative
advantage (by generating them in a Minute/þ background
(Morata and Ripoll, 1975)), they do not generate large clones
(Stocker et al., 2003). Rather they grow in a distinctive thin,
elongated branching shape (Stocker et al., 2003). We saw similar
phenotypes when we examined torDP mutant wing disc cell
clones (Fig. S6Bvi). These effects in rheb and tor mutant cells
may be due to the fact that TOR can control the actin cytoskeleton
and cell motility via the TORC2 complex. When we looked at
drefKG09294 wing disc cells however, we saw that their growth
defects were rescued in a Minute background and they didn’t
show any thin, branching shape (Fig. S6Biv). Together, these
data suggest the DREF may be required for the growth
L.E. Killip, S.S. Grewal / Developmental Biology 371 (2012) 191–202198(TORC1-dependent), but not cell shape (TORC2-dependent),
effects of TOR signaling.
The insulin/PI3K pathway is another signaling pathway that
mediates nutrition-dependent growth in Drosophila. We therefore
also examined a requirement for DREF downstream of this path-
way. The tumor suppressor protein PTEN acts as a negative
regulator of the insulin/PI3K pathway and loss of pten leads to
cellular overgrowth in larval tissues (Gao et al., 2000). pten is
located on the same chromosome arm (2 L) as dref, which allowed
us to use ﬂp/FRT-mediated recombination (Xu and Rubin, 1993)
to perform a ‘clean’ genetic epistasis analysis of growth in pten,
dref and pten,dref mutant cells. We induced recombination in fat
body cells in early embryos and then measured cell size in third
instar larvae (Fig. 4A, C, and G). As expected we found that pten fat
body cells were considerably larger than surrounding cells,
consistent with an increase in growth following activation of
insulin/PI3K signaling (Fig. 4B). As already described, dref mutant
cells were reduced in size (Fig. 4A). Surprisingly, we found that
pten,dref double mutant clones in the fat body (Fig. 4C) were also
increased in size. We preformed similar experiments in the larval
wing imaginal discs. Again we found that, 48 h post-clone induc-
tion, pten,dref double mutant cell clones exhibited overgrowth
comparable to pten deletion alone. (Fig. 4E and F). Given that thedref
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Fig. 4. Loss of DREF does not block growth downstream of the phosphatidylinositol 3-k
were induced by ﬂp/FRT mediated mitotic recombination in the larval fat body. Mutant c
GFP; red, phalloidin; blue, DAPI. Scale bar¼50 mm. (D–F) (D) dref, (E) pten, or (F) dref,pten
the larval wing disc. The size of a mutant clone (arrowhead, non-GFP) was measure
bar¼100 mm. (G) Quantiﬁcation of larval fat body clones (A–C). (n415, po0.0001, Stud
Student’s t-test.) All error bars represent standard error of the mean (SEM). Genotypes
ptendjc89, FRT40A/FRT40A, ubi-GFP, panels (C, F), hsﬂp122; drefKG09294, ptendjc89, FRT40A/FRpten,dref double mutant clones in both the fat body and the wing
disc (Fig. 4C and F) phenocopied the overgrowth seen in single
ptenmutants (Fig. 4B and E), this ﬁnding suggests that DREF is not
required for growth downstream of the insulin/PI3K pathway, but
rather may be speciﬁc to TOR-induced growth.
The TOR pathway regulates DREF transcription
We next asked whether the TOR pathway regulates DREF. In
particular, we examined whether nutrient/TOR signaling might
inﬂuence expression levels of DREF. We found that in two
different conditions of decreased TOR signaling—starved larvae
and tor mutant larvae—dref mRNA levels were signiﬁcantly lower
than in control animals as measured by qRT-PCR (Fig. 5A and B).
Similarly, we found that rapamycin-treated Drosophila S2 cells
also showed a decrease in dref mRNA levels compared to control
DMSO treated cells (Fig. 5C). Together, these data suggest TOR
may inﬂuence DRE-mediated transcription by controlling DREF
levels. One potential candidate linking TOR to DREF mRNA levels
is the transcription factor dMyc: TOR controls dMyc protein levels
and localization to gene promoters (Teleman et al., 2008), while a
recent study showed that dMyc, in turn, controls dref transcrip-
tion by directly binding to the dref promoter (Thao et al., 2008).pten pten,dref
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Fig. 5. The TOR pathway regulates DREF transcription (A) drefmRNA levels are decreased in whole larvae following 24 h starvation in sterile 20% sucrose/PBS compared to
fed larvae or (B) in 96 h AEL torDP larvae as measured by Quantitative Real-Time PCR (qRT-PCR). (C) dref mRNA levels are decreased in Drosophila S2 cells upon 16 h
treatment with 20 nM rapamycin. (D) dref transcript levels in fed and starved larvae with or without ubiquitous overexpression of dMyc. dMyc expression was induced
using the hs-ﬂp-out method at 48 h AEL. Controls lacking the UAS were similarly heat-shocked. At 72 h AEL, fed larvae of each genotype were collected. Remaining larvae
were starved (24 h 20% sucrose/PBS) and harvested. Fed and starved larvae, torDP and rapamycin-fed S2 cell transcript levels were normalized to bTub.Myc overexpression
transcript data is normalized to the average of Act5C and bTub. All error bars represent standard error of the mean (SEM). Genotype used in (D): hsﬂp122; UAS myc/þ;
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animals could reverse the decrease in dref mRNA levels. Using the
hs-ﬂp-out technique (Britton et al., 2002), we expressed a UAS-
dMyc transgene ubiquitously in second instar larvae and then
compared dref mRNA levels in both fed and 24 h starved larvae
(Fig. 5D). We found that dMyc overexpression led to elevated dref
transcript levels in fed animals (Fig. 5D), as has been previously
described (Thao et al., 2008). We also found that dMyc over-
expression could maintain dref mRNA levels, even following 24 h
of protein starvation, an effect that normally reduces dref tran-
script levels (Fig. 5A and D).
DREF is required for expression of ribosome biogenesis genes
We next examined potential mechanisms by which DREF might
inﬂuence growth. As discussed earlier, we found that the DRE motif,
the consensus DNA binding site for DREF, was highly enriched in the
upstream regions of ribosome biogenesis and ribosomal protein
genes (Fig. 1A). The expression of these genes is regulated by dietary
nutrition and thus may involve a role for DREF. We therefore used
qRT-PCR to examine transcript levels of several of these genes in
drefKG09294/drefNP4719 trans-heterozygote mutant animals compared
to control animals. We found that transcript levels of many of these
ribosome biogenesis and ribosomal protein genes were signiﬁcantly
reduced in dref mutants (Fig. 6).Discussion
In most model eukaryotes examined, TOR signaling couples
nutrient availability to growth (Dann and Thomas, 2006). These
effects are often mediated through changes in gene transcription
(Li et al., 2010; Teleman, 2010; Teleman et al., 2008; Zaman et al.,
2008). However, the key transcription factors that mediate these
responses are not fully understood. Here we ﬁnd that the
conserved transcription factor DREF is required downstream of
nutrient/TOR signaling to control growth during Drosophila larval
development. Previous studies implicated DREF as a regulator of
cell proliferation and apoptosis in imaginal disc cells (Hyun et al.,
2005; Jasper et al., 2002; Yamashita et al., 2007). These effects
were attributed to the requirement for DREF in control of cell
cycle gene expression (Hyun et al., 2005). Our work extends these
ﬁndings in two main ways: ﬁrst, by using both RNAi and
P-element mutants, we demonstrate a role for DREF in the growth
of nutrient-dependent polyploid larval tissues and overall orga-
nismal growth. Second, we identify a role for DREF in the
transcription of ribosome biogenesis and ribosomal protein genes,
which may account for the effects of DREF on growth.
A key ﬁnding of our work is the identiﬁcation of a non-
autonomous role for DREF function in the fat body in the control
of organismal growth and development. An emerging theme in
Drosophila physiology is the importance of organ-to-organ
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Fig. 6. DREF is required for the transcription of many metabolic genes. Quantitative Real-Time PCR (qRT-PCR) was performed on cDNA extracted from whole larvae.
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left on grape plates without supplemented yeast paste until 48 h AEL when they were harvested. Data is normalized to tak1 and Act5C transcript levels. Each experiment
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homeostasis (Colombani et al., 2003; Delanoue et al., 2010;
Demontis and Perrimon, 2009; Geminard et al., 2009; Layalle
et al., 2008; Rajan and Perrimon, 2011). In particular, the larval fat
body plays a key role as both a nutrient responsive tissue and an
endocrine organ (Colombani et al., 2003; Geminard et al., 2009).
In conditions of high external nutrients, amino acid import into
fat cells activates TOR signaling, which alters fat-to-brain signal-
ing to promote release of dILPs and consequently leads to
increased systemic insulin/PI3K signaling and growth in other
larval tissues (Britton and Edgar, 1998; Colombani et al., 2003;
Geminard et al., 2009). Conversely, nutrient deprivation or TOR
inhibition in the fat body leads to decreased insulin signaling and
growth in peripheral tissues (Geminard et al., 2009). Importantly,
this fat-to-brain insulin response is also regulated by dMyc
activity in fat cells in response to the steroid hormone ecdysone
(Delanoue et al., 2010). We show that loss of DREF in the fat body
suppresses organismal growth and development, mimicking star-
vation and fat-speciﬁc loss of TOR. Moreover, we ﬁnd these effects
of fat body knockdown of DREF are associated with reduced dILP
release from the brain and reduced PI3K/Akt signaling in periph-
eral tissues. The exact mechanism by which either TOR signaling
or dMyc in the fat body triggers the secreted factor(s) that signal
to the brain is unclear, but is thought to rely on elevated protein
synthesis (Delanoue et al., 2010; Rideout et al., 2012). Our
ﬁndings that DREF also regulates ribosome and protein synthesis
genes ﬁt with this proposed mechanism. We also see that loss of
DREF in the fat body can phenocopy the changes in lipid storage
seen in starved animals or with loss of TOR. Hence, our ﬁndings
are consistent with a role for DREF in a signaling/transcriptional
network downstream of dMyc and TOR in the fat body to control
metabolism and overall body growth.
A surprising ﬁnding is that DREF is required for cellular growth
caused by overexpression of the upstream TOR-activator Rheb,
but not for growth caused by loss of pten (increased PI3K activity).
Insulin/PI3K and TOR are widely reported to function in a linear
signaling pathway—a model largely derived from experiments in
cell culture (Dann and Thomas, 2006; Sengupta et al., 2010).However, our ﬁndings ﬁt with an accumulating literature in
Drosophila that suggests the notion of a linear insulin-PI3K-TOR
pathway may not be as straightforward as is often proposed. For
example, Thomas and colleagues used biochemical analyses of
downstream effectors to show that PTEN/PI3K and TSC/TOR
signaling lie on parallel independent pathways (Radimerski
et al., 2002). Furthermore, Leopold and colleagues found that
while alterations in TOR signaling in the fat body inﬂuence
organismal growth (as we ﬁnd with DREF), modulating PI3K
signaling has no effect (Colombani et al., 2003). Insulin/PI3K
signaling is thought to activate TOR signaling via phosphorylation
and inhibition of negative regulators of TOR such as the TSC
proteins or PRAS40. But genetic deletion of PRAS40 or mutation of
the phosphorylation sites on both TSC1 and TSC2, has little or no
effect on growth in the majority of Drosophila tissues (Dong and
Pan, 2004; Pallares-Cartes et al., 2012; Schleich and Teleman,
2009). Together these reports suggest that, at least in developing
Drosophila larvae, both insulin/PI3K and TOR signaling may
function independently. Indeed gene expression proﬁling in
developing larvae showed that manipulations of TOR and PI3K
signaling affected different classes of mRNA transcripts, with
limited overlap (Li et al., 2010). We suggest that DREF may be
required for transcription downstream of the TOR branch of a
nutrient-dependent signaling pathway. We found that DREF
expression did not rescue growth defects caused by TOR inhibi-
tion, suggesting that DREF is required, but not sufﬁcient for the
growth effects of TOR signaling. Similar results have previously
been seen with other important effectors of TOR-induced growth.
For example, the transcription factor Myc is required for TOR-
induced gene expression and growth, but overexpression of Myc
alone cannot rescue the growth defects of TOR mutant wing disc
cells (Teleman et al., 2008). Similarly, although inhibition of
autophagy is a key downstream effect of TOR signaling, knock-
down of Atg5, a gene required for autophagy, does not reverse the
growth defects of TOR mutant cells (Scott et al., 2004). These data
indicate that while many genes and cell processes are required for
TOR-induced growth, none of these alone are sufﬁcient to
mediate all the effects of TOR signaling.
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ulating dref mRNA levels via another transcription factor, dMyc.
Previous work showed that dMyc levels are altered by nutrients/
TOR in larvae (Teleman et al., 2008). Moreover, dMyc can directly
stimulate DREF transcription by binding to sites in the DREF
promoter (Thao et al., 2008). Hence, one mechanism by which a
TOR-Myc signaling pathway can control gene expression is
through the regulation of DREF levels. DREF levels are also down
regulated upon cell differentiation in the Drosophila imaginal eye
disc (Jasper et al., 2002). This effect may account for the observed
switch in gene transcription between proliferating and differen-
tiating cells in the eye, particularly the down-regulation of many
cell cycle and protein synthesis genes. Also, DREF levels in
cultured human ﬁbroblasts can be stimulated by serum growth
factors (Ohshima et al., 2003). This effect preceded and may
explain the serum growth factor-induced increases in the levels of
DRE-dependent transcripts such as RP gene mRNAs. Thus, regula-
tion of DREF levels may be a common mechanism for controlling
gene expression in metazoans. Our work suggests that a class of
genes whose expression is controlled by DREF is the ribosome
biogenesis genes. In Drosophila, the effects of DREF overexpres-
sion on eye growth and development are reported to be dom-
inantly suppressed in ﬂies that are heterozygote for ribosomal
protein mutations, suggesting that DREF may function through
the control of ribosome synthesis (Ida et al., 2009). Moreover, a
previous study identiﬁed a role for human DREF in ribosomal
protein gene expression (Yamashita et al., 2007). Interestingly, in
Drosophila many ribosomal proteins and ribosomal biogenesis
genes also contain E-boxes, the consensus binding site for dMyc,
and their expression levels are controlled by dMyc (Grewal et al.,
2005; Hulf et al., 2005; Orian et al., 2003). Indeed, the DRE and
E-box motif tend to occur together in genes whose expression is
regulated by dMyc (Grewal et al., 2005; Orian et al., 2003).
Therefore, as well as inducing DREF expression, dMyc may also
functionally cooperate with DREF to control gene transcription.
Future genome wide expression proﬁling and localization
studies will undoubtedly reveal the complete set of transcripts
altered by DREF. These studies may well indicate a role for DREF
in many other cellular processes, in addition to protein synthesis
and cell cycle control. For example, our ﬁnding that dref mutants
are partially embryonic lethal suggests that DREF may play a role
in early embryogenesis and patterning. Indeed, DREF expression
is repressed by zerknullt, a homeobox gene involved in differ-
entiation in the embryo (Hirose et al., 1994). DREF also regulates
vein speciﬁcation and patterning in the wing (Yoshida et al.,
2004). DRE motifs are found in the promoters of many hundreds
of genes which further suggest that DREF may play a broad role
in transcription in the cell (Ohler et al., 2002). Intriguingly,
DRE motifs are mostly located close to transcription start sites
(Ohler et al., 2002). DREF is found in a multiprotein complex that
contains the TBP-related factor, TRF2, and components of the
NURF chromatin remodeling complex (Hochheimer et al., 2002).
As such, this protein complex has been proposed to function as a
component of the core transcriptional machinery. In particular,
this DREF-TRF2 containing complex is thought to function as a
core promoter-selectivity complex at TATA-less promoters, such
as those of ribosomal protein genes (Isogai et al., 2007). Modulat-
ing the basal machinery and activity at core promoters is emer-
ging as an important mechanism to alter large sets of genes in
response to different extracellular cues (Goodrich and Tjian,
2010). For example, in yeast, stress and growth genes have
different core Pol II promoter requirements and deletions of
individual TAFs only affect the transcription of a subset of genes
(de Nadal et al., 2011). In mammals, different cellular programs,
such as differentiation, involve changes in basal Pol II factors
promoting the transcription of genes speciﬁc for that condition(Goodrich and Tjian, 2010). Therefore, modulation of DREF and
DREF-dependent transcription may be a mechanism to alter
transcription of a large number of genes, especially metabolic
genes, in response to nutritional conditions. DREF may also
respond to other TOR-independent signals to control gene tran-
scription. For example since DREF is induced by dMyc, DREF may
couple upstream signals such as signaling through the Hippo
pathway to control transcription.
In conclusion, our work adds DREF to the group of transcrip-
tion factors that couple nutrients to metabolic gene expression in
Drosophila. This list includes several nuclear hormone receptors,
Sir2, dMyc, Foxo, and Spargel/PGC1 (Li et al., 2010; Reis et al.,
2010; Teleman et al., 2008; Tiefenbock et al., 2010) Further
research is required to examine if and how these factors cooperate
with each other to lead to complex organismal effects that
accompany changes in dietary conditions.Acknowledgments
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